Aims/hypothesis To assess the use of paediatric continuous subcutaneous infusion (CSII) under real-life conditions by analysing data recorded for up to 90 days and relating them to outcome.
Introduction
The Diabetes Control and Complications Trial showed that intensive glycaemic control in adolescents with type 1 diabetes mellitus is associated with a decreased risk of microvascular complications [1] , and there is increasing evidence that control of diabetes during the prepubertal and pubertal years can also have a marked impact on the risk of such complications [2, 3] . As a result, current guidelines recommend that the aim of treatment in children and adolescents with type 1 diabetes should be to achieve nearnormal glycaemic control as early as possible in the course of the disease [4, 5] . This, however, is often difficult to achieve in clinical practice because of variable eating patterns and activity and unpredictable absorption of insulin in young children [5] [6] [7] , and difficulties in complying with the demands of regular blood glucose monitoring and multiple daily injections in adolescents [8] . The problems involved in achieving glycaemic control in children are highlighted by data from the Hvidore study [9] , which showed that the levels of glycaemic control achieved varied markedly between centres; furthermore, even when treatment was intensified following feedback from betweencentre comparisons of HbA 1c concentrations, glycaemic control was achieved in only a few centres.
Continuous subcutaneous insulin infusion (CSII) allows administration of rapid-acting insulin analogues at a variable low basal rate over 24 h, with patient-activated boluses at mealtimes [10] ; hence, this approach offers the potential for a more physiological pattern of insulin administration, and thereby better glycaemic control, than multiple daily injections. A recent consensus conference has concluded that, provided appropriate support is available, CSII is suitable for children and adolescents of all ages and may result in improved glycaemic control and quality of life with no greater risk (and possibly less risk) than multiple daily injections [11] . The use of this approach in children and adolescents is increasing [12, 13] , but remains suboptimal [14, 15] .
Modern CSII pumps store data on insulin dosage in their memory, thus allowing insulin treatment to be assessed for up to 90 days under 'real-life' conditions. This approach was used in a previous study from the Pediatric Pump Study Group (PPSG), which collected data retrospectively from 377 children from nine European countries and Israel [16] . This study found high variability, both in agedependent differences in the distribution of basal insulin and in age-independent day-to-day variations in prandial insulin dosing, which was consistent with the variations in glycaemic control that were observed in the Hvidore study [9] . However, measurement of HbA 1c was not standardised, and hence it was not possible to draw any conclusions about the level of glycaemic control achieved with CSII in these patients. Therefore, the present study was undertaken to document current practices of CSII use in a larger population of children and adolescents with type 1 diabetes in whom HbA 1c was measured centrally.
Methods
This open, cross-sectional, retrospective study collected data from children and adolescents from 30 centres in 16 European countries and Israel. To be eligible to participate in the study, each centre was required to be experienced in the use of CSII by including at least ten patients. The study was approved by the local Ethics Committee at each participating centre, and written informed consent was obtained from each patient or their parents or guardians before inclusion in the study.
Data collection Patients were included in the study if they had type 1 diabetes mellitus and were using pumps with 90 days' storage capacity that were compatible with the uploading software Medtronic MiniMed IM Pumps and Meters Version 5.0 (Medtronic International Trading Sàrl, Tolochenaz, Switzerland). Clinical data and HbA 1c values were entered in the electronic data capture system enCapture (Medtronic) at a routine clinic visit during [2004] [2005] . Clinical data included age, sex, duration of diabetes, date of starting pump therapy, insulin concentration, number of severe hypoglycaemic events and number of hospitalisations within the preceding 3 months. HbA 1c was measured by HPLC at the LKF Laboratorium fuer Klinische Forschung, Kiel, Germany, using the Bio-Rad Variant (Bio-Rad, Munich, Germany); these data were recorded during clinic visits. All personal data were removed on transfer of the files from the centre to the central database, in order to render the patient unidentifiable.
Insulin delivery over a 90 day period was recorded in the pump memory and data were downloaded at routine clinic visits by means of the Medtronic MiniMed Solutions Pumps and Meters software, and the patient pump profile data were linked to the corresponding clinical data file in the enCapture software. No more than one download was made for each patient.
The number of boluses and the total daily bolus amount were determined from the pump downloads. The basal insulin amount was calculated as the difference between the total daily amount and the daily bolus amount. The daily number of boluses, bolus amount, basal amount and total daily amount were averaged for each patient.
The safety of CSII therapy was assessed by monitoring the incidence of severe hypoglycaemia and diabetic ketoacidosis (DKA). The definition of severe hypoglycaemia was the same as that used in the Hvidore Study (hypoglycaemia causing unconsciousness or convulsions) [17] . DKA was defined as biochemical signs of ketoacidosis necessitating hospital admission (high glycosuria and ketonuria; blood glucose>11 mmol/l; pH<7.3; bicarbonate<15 mmol/l).
Statistical analysis For age-related analyses, patients were allocated to preschool (≤6 years), pre-adolescent (girls: >6 years and ≤11 years; boys: >6 years and ≤12 years) and adolescent (girls: >11 years and ≤18 years; boys: >12 years and ≤8 years) groups. For continuous variables, descriptive statistics were calculated for the overall patient population and for each age group. Frequencies were calculated for categorical variables.
Correlation coefficients were calculated for selected comparisons of variables; the statistical test used was the Pearson movement correlation. For HbA 1c , a two-sided Student's t test was used to compare the mean value in patients in the upper 50 percentiles of bolus concentrations with that in patients in the lower 50 percentiles.
A second, exploratory, analysis was performed in a subgroup of patients (n=142) who participated in the previous study [16] in order to compare the results obtained during this study with those obtained previously.
Results
A total of 1,098 patients were entered in the database. The number of patients recruited in each centre ranged from ten to 175 (median 93); for the 22 centres for which the relevant data were available, the proportion of patients receiving CSII who were recruited into the study ranged from 1.3 to 39.7% (median 20.5%). Six centres included no preschool children, and one included no prepubertal children. Of the 1,098 patients, three were >18 years of age at baseline and nine had missing or incomplete baseline data. Hence, the final study population comprised 1,086 patients (507 males, 579 females). Of these, 1,082 had matching clinical, HbA 1c and pump data, and 1,041 had complete records of weight and pump data. The mean (±SD) age of the 1,086 patients included in the analysis was 11.9±4.2 years, and their mean duration of diabetes was 5.9±3.6 years. Baseline demographic data by age group are summarised in Table 1 . The indications for pump therapy were recurrent hypoglycaemia (n =338), a desire for flexibility of lifestyle (n=292), high HbA 1c (n=265), dawn phenomena (n=131) and needle phobia (n=54).
CSII data and metabolic control Overall, the mean daily insulin dose was 0.79±0.47 U/kg, and the majority of patients (91%) used a U100 concentration; 54% used NovoRapid (insulin aspart; Novo Nordisk) and 45% used Humalog (insulin lispro; Eli Lilly). The mean (±SD) number of daily boluses in each centre ranged from 3.6± 1.4 to 9.9±4.4 (median 6.5), and the mean proportion of the total daily dose given in bolus form ranged from 41.5 to 66.9%. Insulin dosages in the three age groups are summarised in Table 2 . On average, preschool children used more daily boluses than the other age groups (p<0.001).
The mean HbA 1c level in the overall study population was 8.0±1.3%, ranging from 6.93 to 9.3 between the centres. Preschool children showed a significantly lower HbA 1c than adolescents, with a mean value of 7.6±1.0%, compared with 7.7±1.1% in the pre-adolescent group and 8.3±1.4% (p<0.0001) in the adolescent group. There was a significant negative correlation between HbA 1c and the number of daily boluses (r = −0.367; p < 0.001), and between HbA 1c and the contribution of boluses to the total daily amount (r=−0.3127; p<0.001; Fig. 1a,b) . In contrast, there was no correlation between HbA 1c and the total daily dose of insulin ( Fig. 1c; p=0.09) . In children in whom basal insulin constituted <50% of their total daily insulin, HbA 1c was significantly better than in those with a higher proportion of basal insulin (7.8±1.1 vs 8.5±1.4%; p<0.01).
The median number of daily boluses was 6.7. Patients using >6.7 daily boluses had a significantly lower HbA 1c than those using fewer boluses (median 7.6% vs 8.2%, respectively. The OR for an HbA 1c >7.5% associated with <6.7 daily boluses was 2.53 (95% CI 1.94-3.31). Other risk factors for an HbA 1c >7.5% were a duration of diabetes >4.7 years (OR 2.16, 95% CI 1.66-2.83) and use of CSII for >1.5 years (OR 1.61, 95% CI 1.24-2.10). There were no significant relationships between the risk of high HbA 1c and sex, age or daily insulin dose. HbA 1c was significantly (p<0.001) higher in patients in whom high HbA 1c was the reason for using CSII than in those in whom CSII was indicated for other reasons (Fig. 2) . Demographic data for patients using different numbers of daily boluses are shown in Table 3 .
Safety CSII therapy was well tolerated with respect to diabetes-related adverse events. Overall, 18 patients each had a single episode of severe hypoglycaemia, giving an event rate of 6.63 per 100 patient-years. A single episode of DKA occurred in 17 patients, giving an overall event rate of 6.26 per 100 patient-years. The incidence of severe hypoglycaemia was 10.81 events per 100 patient-years in preschool children, 8.59 events per 100 patient-years in preadolescent children, and 5.22 events per 100 patient-years in the adolescent group. The 18 patients with a severe hypoglycaemic episode had a significantly higher insulin dosage than those without such episodes (1.
; p<0.0025), but there was no difference in age, diabetes duration, CSII duration or number of daily boluses between the two groups. In particular, there was no association between the occurrence of severe hypoglycaemia and the HbA 1c level achieved.
The incidences of DKA in the preschool, pre-adolescent and adolescent groups were 2.70, 9.88 and 5.23 events per 100 patient-years, respectively. The 17 patients with DKA had a significantly higher HbA 1c (8.9±1.3 vs 8.0±1.3%; p<0.005) than those without, but did not differ significantly in other clinical variables.
A total of 43 other adverse events were reported. Of these, 63% were related to diabetes management (e.g. pump education, routine annual hospital visits, continuous glucose monitoring evaluation); 12% were related to minor surgery; and 12% were related to infections or fractures. The remaining six events were non-CSII related (e.g. eating disorder, high blood pressure, multiple sclerosis).
Discussion
CSII represents an attractive treatment option for children and adolescents with type 1 diabetes because it offers the potential for achieving all current treatment goals for these patients: near-normal glycaemic control, a low incidence of hypoglycaemia and improvement in quality of life [18] . Nevertheless, CSII remains largely underused: for example, recent data indicate that only 10-14% of paediatric diabetic patients in Germany are receiving CSII [19, 20] . The key barrier to CSII therapy is economic, as there is no consistency regarding reimbursement from Health Authorities across Europe. In countries where funding is not readily available, access depends primarily upon the determination of the physician.
The results of this study support and extend those of the previous PPSG survey [16] , and show that effective glycaemic control, with a low risk of hypoglycaemia, can be achieved with CSII therapy in many children and adolescents with type 1 diabetes. Although this survey is limited to some extent by its cross-sectional nature and a lack of a stand- ardised approach to pump therapy in children, it nevertheless gives some insights into successful paediatric pump therapy regimens in a large patient population from 17 countries. This study has highlighted the marked variations in patterns of pump use between centres, for example in terms of the number of daily boluses and the proportion of the daily dose given in pump form. This is consistent with the finding in the Hvidore Study that the HbA 1c concentrations achieved with intensive therapy varied markedly between centres [9] . It is important to remember that CSII and multiple daily injections are both viable strategies in children and adolescents, and that the final choice of treatment for an individual patient will require a dialogue between the patient, their parents or guardians, and the physician. Currently, strategies for tailoring CSII regimens to the needs of the individual patient tend to be empirically based, rather than evidence based [20] . Aspects that require particular attention in children and adolescents include patterns of basal and prandial insulin requirements and the selection of catheters and needles [20] .
An important finding was that the use of frequent daily boluses and a lower proportion of basal insulin achieved significantly better glycaemic control than the use of fewer boluses and a higher proportion of basal insulin. This is consistent with the findings of a previous study with CSII, which showed a significant correlation between missed mealtime boluses and elevated HbA 1c [21] . Indeed, in the present study the use of more than seven boluses per day was the strongest single predictor of an HbA 1c level <7.5%; similar findings have been reported by Burdick et al. [22] . The ability to deliver multiple daily doses represents an important potential advantage of CSII over multiple daily injections. This is particularly true when short-acting insulin analogues are used to achieve prandial control as was the case in 99% of the patients in the present survey. A recent editorial [23] has emphasised that basal and overnight glucose levels are the major determinants of HbA 1c levels in patients with poor glucose control, and hence such analogues produce the greatest benefit when glucose is well controlled; indeed, these analogues produce the greatest reductions in HbA 1c concentrations in patients receiving CSII therapy. It should be noted, however, that because of the lack of electronic data regarding blood glucose measurements or meals in this study it remains to be determined whether multiple boluses are predominantly associated with meals or correction for blood glucose values.
An apparently paradoxical finding of this study was that the use of CSII for >1.5 years was associated with a higher HbA 1c level. This probably reflects an age-related effect; as would be expected, the duration of use tended to increase with age and hence the longest durations were seen in the adolescent group, who also had the highest HbA 1c levels. Several studies have shown that HbA 1c levels in adolescents are typically >8%, and that reduction is often difficult to achieve in this group [5, 24] . Indeed there was a negative association between age and number of boluses, and it is likely that missed mealtime boluses in the adolescent age group contributed to this [22] . In this age group, it could be beneficial to support CSII with a higher basal dose to compensate for missed boluses or additional food intake. This remains an area for further investigation. In a recent matched-pairs comparison of CSII with multiple daily injections the best long-term results were seen in the youngest age group [25] . These findings would be consistent with the finding in the present study that HbA 1c was significantly higher in patients in whom high HbA 1c was the indication for CSII therapy than in those with other indications. The finding that HbA 1c concentrations were greater in adolescents than in younger age groups could reflect greater parental supervision of treatment in young children, as reported in other studies [26] . The finding that a longer duration of CSII use was associated with higher HbA 1c is at variance with a previous meta-analysis [27] , which found that patients who received pump therapy for at least 1 year showed significant improvements in glycated haemoglobin, whereas no significant improvement was seen in patients treated for <1 year. Nevertheless the finding that many patients included in the previous survey increased their number of boluses between the previous survey and the present study indicates that constant re-education and motivation can achieve better long-term glycaemic control with CSII. Thus, the message of our findings may be that it is important to download the electronic pump memory, and to convince the patients to take at least the minimum number of doses.
In view of the finding in this study that HbA 1c concentrations were higher in adolescents than in younger children, it seems paradoxical that there was no association between the risk of high HbA 1c and age. In contrast, in the Hvidore study, HbA 1c increased by a mean of 0.046% (p<0.0001) with each year of age [9] . It is possible that in the present study any effect of age was masked by the influence of treatment duration.
The low incidence of severe hypoglycaemia in this study compares favourably with that in the Hvidore Study, in which the overall incidence of severe hypoglycaemia was 22 events per 100 patient-years and the incidence increased to almost 60 events per 100 patient-years in preschool children [17] . A previous study, involving 95 children and adolescents who were followed for a median of 28 months after starting CSII therapy, reported incidences of 7.9 events per 100 patient-years for severe hypoglycaemia and 0.7 events per 100 patient-years for DKA [28] . The even higher rate of DKA in the present study may be a reason for concern as errors in pump use could have been a potential cause. However, the significantly higher HbA 1c in the DKA group, and the lack of an association with age or CSII duration, make it likely that similar risk factors for DKA apply with CSII as with injection therapy [29] .
As noted above, a possible limitation of this study is the open and uncontrolled design. However, the study was designed to investigate the efficacy and safety of CSII therapy in a large patient population under 'real-life' conditions. Such studies can provide important insights into the benefits and risks of a treatment in routine clinical practice, in contrast to the controlled conditions that prevail in clinical trials [30] . The ability to download data recorded in real time under everyday conditions in a large group of children from many different countries and cultures should provide important insights into the optimal use of CSII therapy, which arguably might not be apparent in rando- mised controlled trials. These insights should facilitate the identification of patients who would derive most benefit from CSII therapy. A particular strength of this study was the centralised measurement of HbA 1c , which eliminated the possibility of inter-centre variability in HbA 1c measurements, thus facilitating analysis of factors affecting glycaemic control during CSII.
In conclusion, this study has shown that CSII provides convenient and flexible insulin delivery during routine treatment in many children and adolescents with type 1 diabetes. It has also highlighted the importance of frequent daily boluses and <50% basal insulin for good glycaemic control, which is relevant to both CSII and multiple dose insulin therapy. A follow-up longitudinal study will investigate the long-term outcome in these patients.
